Introduction
In invertebrates, innate immunity is crucial to defence against invading organisms. Although the molecular mechanisms that regulate innate immune reactions in response to infection have been studied in detail in insects, they have received little attention in molluscs. Existing knowledge of the physiology and internal defence system of the pond snail Lymnaea stagnalis (Linnaeus) make it a good model organism for studies focusing on the molecular aspects of molluscan immunity (van der .
Innate immunity involves the cooperation of both cellular and humoral defence reactions. In molluscs, macrophage-like phagocytic cells called haemocytes are responsible for the cellmediated response and play the predominant role in eliminating non-self via phagocytosis, encapsulation, and the production of reactive nitrogen intermediates (RNIs) or reactive oxygen intermediates (ROIs) (Dikkeboom et al., 1987; Adema et al., 1993) . In mammalian phagocytes, ROIs are released during the respiratory burst that is often associated with phagocytosis. The mechanism of ROI production involves the participation of NADPH oxidase, which generates the superoxide anion (O 2 -) via consummation of molecular oxygen (O 2 ) (Babior et al., 2002) . O 2 -is then converted to hydrogen peroxide (H 2 O 2 ) either spontaneously or by superoxide dismutase (SOD). Lymnaea stagnalis haemocytes have been shown to possess NADPH oxidase activity when challenged with zymosan, suggesting a role for ROIs in molluscan defence .
Triggering of cellular defence reactions relies partly on the activation of complex networks of signalling pathways. Two important signal transduction pathways involved in the innate defence response in mammalian macrophages and monocytes are the Protein Kinase C (PKC) pathway and the MitogenActivated Protein Kinase (MAPK) cascade. PKC and MAPK signalling pathways are activated in mammalian macrophages following challenge with the bacterial endotoxin, lipopolysaccharide (LPS) (Monick et al., 1999; Monick et al., 2000) . In addition, a role for PKC and MAPK in defence reactions such as phagocytosis and the production of ROIs has been demonstrated in macrophages (Sweet and Hume, 1996;  Haemocytes from the gastropod snail Lymnaea stagnalis (Linnaeus) were used as a model to characterize protein kinase C (PKC) signalling events in molluscan defence cells. Challenge of freshly collected haemocytes with the ␤ ␤-1, 3-glucan laminarin resulted in a transient increase in the phosphorylation of haemocyte PKC, with maximal phosphorylation (represented by a 3.5-fold increase) occurring at 10·min; this effect was blocked by the PKC inhibitor, GF109203X. Moreover, extracellular signalregulated kinase (ERK) was found to be a downstream target of molluscan PKC, operating via a MAPK/ERK kinase (MEK)-dependent mechanism. Pharmacological inhibition of PKC phosphorylation by U-73122 and ET-18-OCH 3 suggested that laminarin-dependent PKC signalling was modulated via phospholipase C (PLC); however, a role for phosphatidylinositol-3-kinase (PI-3-K) is unlikely since the PI-3-K inhibitor LY294002 was without effect. Generation of H 2 O 2 by haemocytes in response to laminarin was also investigated. H 2 O 2 output increased in a dose-and time-dependent manner, with 10·mg·ml -1 laminarin eliciting a 9.5-fold increase in H 2 O 2 production after 30·min. H 2 O 2 production was significantly attenuated by the PKC inhibitors, GF109203X and Gö 6976, and by the NADPH-oxidase inhibitor, apocynin. In conclusion, these data further our understanding of PKC signalling events in molluscan haemocytes and for the first time define a role for PKC in H 2 O 2 production by these defence cells. Given that H 2 O 2 is an important anti-pathogen molecule, and that haemocytes play a crucial role in the elimination of invading organisms, PKC signalling in these cells is likely to be crucial to the molluscan innate defence response. Shapira et al., 1997) . In particular, PKC has been reported to activate NADPH oxidase in human neutrophils (Curnutte et al., 1994) .
PKC is expressed in all mammalian cells; 11 isoforms (67-97·kDa) have been identified and are classified into three distinct subgroups according to their structural and regulatory differences: the classical PKCs (␣, ␤ I , ␤ II , ␥) regulated by calcium (Ca 2+ ), diacylglycerol (DAG) and phospholipids; the novel PKCs (␦, ⑀, , ) regulated by DAG and phospholipids; and the atypical PKCs (, /), which do not respond to DAG or Ca 2+ , but are apparently regulated by D-3 phosphoinositides (Newton, 1995; Mellor and Parker, 1998; Parker and MurrayRust, 2004) .
Characterized mammalian MAPK pathway members are divided into three main subfamilies; Extracellular signalRegulated Kinase 1/2 (ERK 1/2), p38 MAPK, and c-Jun Nterminal Kinase (JNK); in addition other MAPK members exist including ERK 5 and ERK 3/4 (Pearson et al., 2001) . Conserved through evolution, the ERK 1/2 signalling pathway is organised into a three-kinase phosphorylation cascade involving Raf (or MAPK kinase kinase), MEK (or MAPK kinase), and ERK 1/2 (or MAPK) (Kolch, 2000) . Activation of ERK 1/2 in response to an array of external stimuli can promote the expression of specific genes via phosphorylation of many transcription factors such as Elk-1 (Janknecht et al., 1993) .
Over a decade ago, studies revealed the presence of PKClike proteins in marine molluscs; PKC Apl I, a Ca 2+ -dependent PKC, and PKC Apl II, a Ca 2+ -independent PKC from nerve cells of Aplysia californica were described (Sossin et al., 1993) . More recently, a phospholipid-sensitive Ca 2+ -independent protein kinase (p105) from the mantle tissue of the bivalve Mytilus galloprovincialis was identified (Mercado et al., 2002) . However, the different processes linking signalling pathways, and more specifically those involving PKC, to the stimulation of immune processes in molluscs have only recently become a focus of investigation. In this context, the ERK 1/2 pathway has been characterized in an embryonic cell line from the gastropod snail Biomphalaria glabrata (Humphries et al., 2001 ) and in L. stagnalis (Plows et al., 2004) . Work in our laboratory has led to the detection of PKC-like proteins in L. stagnalis haemocytes and has shown that PKC phosphorylation and activation are modulated following LPS challenge (Walker and Plows, 2003) . Further research also showed that PKC and ERK play a role in phagocytosis (Plows et al., 2004) and the production of nitric oxide (NO) (Wright et al., 2006) by L. stagnalis haemocytes.
A key question that remains is whether PKC plays a broader, and perhaps more pivotal, part in L. stagnalis defence responses. We thus set out to characterize PKC signalling events in L. stagnalis haemocytes in response to the oligomeric ␤-1, 3-glucan, laminarin, to identify the role of PKC in ROI production, and to elucidate the mechanisms by which PKCmediated signals are propagated to critical downstream targets in haemocytes. The activation of PKC-like proteins in response to laminarin challenge is demonstrated and ERK 1/2 is shown to be a downstream target of PKC, likely regulated through a MEK-dependent mechanism. The results also suggest that PKC activity is dependent on phospholipase C (PLC) activation. Importantly, this study also defines a role for PKC in the generation of H 2 O 2 following laminarin challenge, thus further linking PKC signalling to functional defence responses in molluscs.
Materials and methods
Reagents The anti-phospho PKC (pan), anti-phospho PKC␣␤ II (Thr638/641), anti-phospho ERK, anti-phospho MEK primary antibodies, and goat anti-rabbit horseradish peroxidase (HRP)-linked secondary antibody were purchased from Cell Signaling Technology (Beverly, MA, USA), whereas the anti-phospho PKC␣ (Ser 657) antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Protogel [30% (w/v) acrylamide] was from National Diagnostics (Hull, Yorks, UK), whereas Hybond nitrocellulose membrane was from Amersham Biosciences (Amersham, Bucks, UK). The Opti-4CN detection kit was purchased from Bio-Rad (Hemel Hempstead, Herts, UK). Calphostin C, Et-18-OCH 3 (Edelfosine), LY294002, apocynin, and Gö 6976 came from Calbiochem (Nottingham, Notts, UK) and the Qentix signal enhancer was from Perbio Sciences (Tatenhall, Cheshire, UK). Both Vectashield and the Amplex Red ® hydrogen/peroxidase assay kit were purchased from Molecular Probes (AA Leiden, Netherlands). The molecular mass markers (SDS-6H), anti-actin antibody, phorbolmyristate-acetate (PMA), laminarin (from Laminaria digitata), zymosan, GF109203X (bisindolylmaleimide I), U-73122, FITC-conjugated goat anti-rabbit secondary antibody, rhodamine phalloidin and all other chemicals were purchased from Sigma-Aldrich (Poole, Dorset, UK).
Snails
Adult Lymnaea stagnalis (L.) were purchased from Blades Biologicals (Edenbridge, Kent, UK). Juvenile snails were then reared from eggs laid by adults, in an aquarium at room temperature. Once they had developed into adults, they were transferred to an incubator maintained under a 12·h:12·h light:dark cycle at 20°C and housed in tanks containing continuously aerated water. Snails were regularly fed fresh round lettuce and fish flakes were given once a week. Water used in the aquarium and incubator tanks was filtered through a Brimak/carbon filtration unit (Silverline Ltd, Winkleigh, Devon, UK) and was changed weekly.
Haemolymph extraction, cell stimulation and inhibition assays
Six to eight adult L. stagnalis were washed with distilled water. Haemolymph was then obtained by head-foot retraction (Sminia, 1972) . This natural defence reflex involves the snail withdrawing into its shell following continual prodding of its head-foot; haemolymph is then expelled through the haemal pore (Sminia, 1972 (Adema et al., 1994) was then added to the extracted haemolymph (2 parts haemolymph: 1 part SSS) which was kept on ice to prevent haemocyte clumping.
Haemocyte monolayers were then prepared in 24-well culture plates (Nunc; 500·l diluted haemolymph per well); cells were allowed to bind to individual wells for 30·min at room temperature, after which monolayers were washed three times for 5·min with SSS in order to remove haemolymph and non-adherent/dead haemocytes. Following equilibration in SSS (500·l) for 1·h, cells were challenged with laminarin (10·mg·ml -1 ), PMA (10·mol·l -1 ), or zymosan (10·g·ml -1 ), or various times (0-30·min). SSS was then removed quickly and 70·l boiling 1ϫ SDS-PAGE sample buffer was added to the monolayers to solubilize haemocyte proteins. Samples were then briefly sonicated (40·s) and were boiled prior to electrophoresis.
Inhibition assays were performed using: GF109203X, a competitive inhibitor of the ATP binding site of PKC; calphostin C, inhibitor of the regulatory domain of PKC; U-73122 and ET-18-OCH 3 , inhibitors of phospholipase C; and the PI-3-K inhibitor, LY294002. Monolayers were prepared as described above and haemocytes were treated for 30·min with various inhibitors at the same range of concentrations (0.001-10·mol·l -1 ), or vehicle (0.1% DMSO or ethanol), prior to challenge with laminarin (10·mg·ml -1 ) for 10·min.
Electrophoresis and western blotting Samples (30·l) were loaded onto discontinuous 10% SDS-PAGE gels and run at 160·V for 90·min. Separated haemocyte proteins were then transferred to nitrocellulose membranes for 90·min at 300·mA using a BioRad semi-dry electrotransfer unit and, after transfer, blots were stained with Ponceau S to confirm that homogenous transfer had taken place. In some experiments, membranes were incubated in the Qentix signal enhancer following the manufacturer's instructions before being rinsed in Tris-buffered saline containing 0.1% (v/v) Tween-20 (TTBS). Membranes were then blocked at room temperature for 1·h with 5% (w/v) non-fat dried milk in TTBS. Next, membranes were incubated with anti-phospho PKC (pan), anti-phospho PKC␣␤ II , anti-phospho PKC␣, antiphospho MEK, or anti-phospho ERK primary antibodies (1:1000 in TTBS) overnight at 4°C. Blots were then washed with TTBS and incubated for 1·h at room temperature with HRP-conjugated goat anti-rabbit secondary antibody (1:7500 in TTBS). Immunoreactive bands were visualized using colorimetric methods (Opti-4 CN detection kit). For all experiments, equal loading of proteins was checked by incubating blots with anti-actin antibodies (1:1000).
Immunocytochemistry
Haemolymph was extracted and diluted in SSS as previously described and 100·l of the diluted haemolymph was applied to individual coverslips. Haemocytes were then allowed to adhere to coverslips for 30·min and, after gently washing with SSS three times, were left to equilibrate in SSS for 1·h.
Haemocytes were then challenged with laminarin (10·mg·ml -1 ) for 10·min; where appropriate, they were treated with the PKC inhibitor GF109203X (10·mol·l -1 ) for 30·min prior to adding laminarin. Haemocytes were subsequently fixed by incubating cells in fixing/permeabilization buffer [3.7% (v/v) formaldehyde, 0.18% (v/v) Triton X-100 in phosphatebuffered saline (PBS)] for 12·min at room temperature, followed by a brief wash in PBS. Next, coverslips were incubated in blocking solution [1% (w/v) bovine serum albumin (BSA) in PBS] for a further 12·min before being incubated for 1·h in anti-phospho PKC (pan) antibody (1:200 in PBS) at room temperature. Finally, monolayers were washed with PBS and were incubated in fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit secondary antibody (1:1000 in PBS) for 30·min; after a further wash, cells were incubated in tetramethyl rhodamine isothiocyanate (TRITC)-conjugated phalloidin (0.1·g·ml -1 ) for 40·min. Coverslips were mounted on microscope slides using Vectashield, and were sealed with nail varnish. Cells were visualized with a Leica TCS SP2 AOBS laser scanning confocal microscope driven by Leica software. Fluorescein was typically excited by the 488·nm line of the argon laser, and emission was collected at 543·nm; for rhodamine phalloidin, excitation and emission were 543·nm and 593·nm, respectively.
Production of H 2 O 2 in haemocytes
Haemolymph extracted from 6-10 snails was placed on ice and diluted in SSS as previously described. Haemocyte monolayers were then prepared in 96-well culture plates (Nunc; 200·l diluted haemolymph per well) and subsequently washed three times with SSS for 5·min; cells were then left to equilibrate for 1·h in SSS. Working solutions of assay mixture (0.1·U·ml -1 HRP and 50·mol·l -1 Amplex Red ® reagent) containing different doses of laminarin (1-10·mg·ml -1 ) were prepared in SSS and 100·l of this solution was added to individual wells containing haemocyte monolayers. Amplex Red ® is a non-fluorescent compound that becomes fluorescent upon HRP-catalyzed oxidation by H 2 O 2 . For inhibition assays, haemocytes were incubated with GF109203X (0.01-10·mol·l -1 ), Gö 6976 (0.01-10·mol·l -1 ), apocynin (10-500·mol·l -1 ), or vehicle (0.1% DMSO) for 30·min prior adding the working solution. The fluorescence intensity of each well was then measured using a Fluorstar Optima microplate reader (BMG Labtechnologies, Aylesbury, Bucks, UK) equipped with a 544·nm excitation filter and a 590·nm emission filter.
Statistical analysis
Where appropriate, the intensities of bands on western blots were determined after scanning using Kodak 1D image analysis software; data were then analysed with SPSS software using one-way analysis of variance (ANOVA) and post-hoc multiple comparisons. For H 2 O 2 assays, ANOVA and post-hoc multiple comparisons were also used. For all experiments, results are shown as the mean ± standard deviation (s.d.).
Results

Laminarin stimulates the phosphorylation of L. stagnalis
haemocyte PKC To evaluate the effect of the ␤-1, 3-glucan laminarin on the phosphorylation (activation) status of PKC-like proteins in L. stagnalis haemocytes, these cells were challenged with laminarin (10·mg·ml -1 ) over 30·min; cellular proteins were then analysed by western blotting with the anti-phospho PKC (pan) antibody. This antibody has previously been validated for use in L. stagnalis haemocytes (Walker and Plows, 2003) and also has been employed to study PKC phosphorylation in M. galloprovincialis haemocytes (Canesi et al., 2005) . When L. stagnalis haemocytes were exposed to 10·mg·ml -1 laminarin, a rapid increase in phosphorylation of an 85·kDa PKC likeprotein was observed, with maximum phosphorylation occurring at 10·min (Fig.·1A, upper panel) . The increase in phosphorylation was transient and reduced to basal levels after 30·min challenge. Analysis of immunoblots revealed that after 10·min challenge, there was a 3.5-fold increase in PKC phosphorylation and this was significantly different from control values (Pр0.001; Fig.·1A ). The use of a further two phospho-specific PKC antibodies, the anti-phospho PKC␣␤ II antibody and the anti-phospho PKC␣ antibody, revealed the time course of PKC activation in haemocytes following laminarin challenge to be similar to that observed with the antiphospho PKC (pan) antibody (Fig.·1A , middle and lower panels). Given that these antibodies all recognized a protein of similar molecular mass that had similar phosphorylation kinetics following laminarin challenge, it appears that the L. stagnalis haemocyte PKC-like protein might be most similar to PKC␣.
Haemocytes were also challenged with the PKC activator, PMA, and the yeast cell wall glucan, zymosan. Exposure to these compounds resulted in increased phosphorylation of the haemocyte PKC-like protein after 10·min, but unlike laminarin challenge, the phosphorylation appeared more sustained (Fig.·1B,C) . Throughout the experiments, the levels of phosphorylated PKC in basal (unchallenged) haemocytes were variable and in some cases appeared relatively high. This observation is likely a consequence of working with freshly collected (primary) haemocytes. Overall, the anti-phospho PKC (pan) antibody provided the clearest immunoreactive signal and was therefore used in all subsequent experiments.
MEK and ERK phosphorylation is dependent on PKC activity
in challenged haemocytes To explore whether PKC can modulate certain downstream signalling events in haemocytes following challenge with laminarin, inhibition assays were carried out using the PKC inhibitor, GF109203X. This inhibitor is a widely used competitive inhibitor of the PKC ATP-binding site, and is selective towards PKC ␣, ␤ I , ␤ II , ␥, ⑀, ␦ isoforms. GF109203X significantly inhibited PKC phosphorylation following laminarin challenge in a dose-dependent manner causing a significant, 72% decrease, in PKC phosphorylation when used at a concentration of 10·mol·l -1 (Pр0.001; Fig.·2A ). Moreover, at this dose, PKC phosphorylation was reduced to below basal levels. Lower concentrations of GF109203X (0.01-1·mol·l -1 ) also reduced laminarin-dependent PKC phosphorylation significantly (Pр0.05; Fig.·2A ).
We then evaluated whether inhibition of PKC in laminarinchallenged haemocytes could affect MEK and ERK 1/2, since these kinases have been identified as downstream targets of PKC in mammalian macrophages (Monick et al., 2000) . As shown in Fig.·2B , phosphorylation of MEK was significantly attenuated by GF109203X at all doses (Pр0.05), with 10·mol·l -1 and 1·mol·l -1 significantly reducing PKC phosphorylation levels in challenged cells by 61% and 42%, respectively (Pр0.001). Treatment with 10·mol·l -1 or 1·mol·l -1 GF109203X also significantly decreased ERK 1/2 phosphorylation (activation) by 65% (Pр0.001) and by 47% (Pр0.01), respectively (Fig.·2C) . In the absence of inhibitor, laminarin produced a significant 1.9-fold increase in ERK 1/2 phosphorylation in haemocytes compared to controls (Pр0.01), whereas it had little effect on MEK phosphorylation (1.1-fold increase). The effects of a second PKC inhibitor, calphostin C, which targets the regulatory domain of PKC by competing for the binding site of DAG, on downstream MEK and ERK phosphorylation following challenge were also evaluated. Like GF109203X, calphostin C was able to inhibit MEK and ERK phosphorylation in a dose-dependent manner . Protein extracts from haemocytes were prepared and western blotting was performed using polyclonal phospho-specific antibodies either to (A) PKC, (B) MEK or (C) ERK. Anti-actin antibodies were used to confirm equal loading of proteins. Relative PKC, MEK and ERK phosphorylation levels were determined by image analysis of blots from four independent experiments. Values are mean ± s.d. *Pр0.05, **Pр0.01, ***Pр0.001 when compared with phosphorylation levels observed in stimulated, uninhibited cells. (Fig.·3) , although in these experiments the stimulatory effects of laminarin on ERK phosphorylation were less marked.
Visualization of phospho-PKC in L. stagnalis haemocytes
The intracellular distribution of phosphorylated (activated) PKC in L. stagnalis haemocytes was studied by immunocytochemistry. Fluorescence images showed that the anti-phospho PKC (pan) antibody was able to localize activated molluscan PKC in resting and stimulated haemocytes. In unstimulated conditions, phosphorylated PKC levels were low but clustered in some areas (Fig.·4A) . Challenge with laminarin (10·mg·ml -1 ) for 10·min triggered an increase in PKC phosphorylation in the cell body, and possibly redistribution to the plasma membrane. Exposure to laminarin also appeared to promote morphological changes in haemocytes evidenced by expansion of filopodia (Fig.·4B) and this was observed consistently in many independent experiments. GF109203X considerably reduced the phosphorylation status of PKC within haemocytes. Moreover, when treated with this inhibitor, the haemocytes appeared to possess fewer filopodia (Fig.·4C) . The immunocytochemical results for stimulated and inhibited haemocytes show PKC phosphorylation levels that broadly agree with those obtained by western blotting.
PKC phosphorylation (activation) is controlled by the upstream enzyme PLC but not by PI-3-K
To determine whether activation of PKC by laminarin was operating via PLC-dependent mechanisms, the effects of the PLC inhibitors U-73122 and ET-18-OCH 3 on PKC phosphorylation levels were investigated in laminarinstimulated haemocytes. Pharmacological inhibition by U-73122 significantly attenuated PKC phosphorylation following laminarin challenge, indicating that PLC acts upstream of PKC in haemocytes (Fig.·5A) . Image analyses revealed that at 10·mol·l -1 , this inhibitor reduced PKC phosphorylation by approximately 85% (data not shown). A second phospholipase C inhibitor, ET-18-OCH 3 , used at the same range of concentrations (0.001-10·mol·l -1 ) also inhibited PKC phosphorylation (Fig.·5B) with 10·mol·l -1 ET-18-OCH 3 reducing PKC phosphorylation by 73% (data not shown). In order to evaluate whether PI-3-K acts upstream of PKC in laminarin-challenged haemocytes, monolayers were treated with various doses of the PI-3-K inhibitor, LY294002 (0.001-10·mol·l -1 ), prior to challenge; we have recently shown that this inhibitor attenuates the phagocytic activity of L. stagnalis haemocytes by 62% (Plows et al., 2006) . Western blotting revealed that LY294002 did not reduce levels of phosphorylated PKC at any dose tested (Fig.·5C) , indicating that haemocyte PKC activity is not under the control of PI-3-K in laminarin-challenged haemocytes.
Production of H 2 O 2 by laminarin-stimulated haemocytes is
PKC-dependent To determine the effects of laminarin on H 2 O 2 generation by L. stagnalis haemocytes, monolayers were treated with various doses of laminarin (1-10·mg·ml -1 ) for 30·min and H 2 O 2 output determined using an Amplex Red ® fluorescence-based assay. H 2 O 2 was studied because of its relative stability compared to other by-products of cellular O 2 -and its ability to permeate cell membranes. Laminarin significantly increased the production of H 2 O 2 by haemocytes compared to control (unchallenged) cells at all of the doses tested (Pр0.05), with a 9.5-fold increase when used at 10·mg·ml -1 (Pр0.001) (Fig.·6A) . Furthermore, the effects of laminarin challenge on the cellular output of H 2 O 2 were found to be dose-dependent (Pр0.001). Haemocytes were then exposed to laminarin (10·mg·ml -1 ), and H 2 O 2 production was monitored over 30·min. An increase in fluorescence signal above controls was observed at each time point (Fig.·6B) , demonstrating a continuous linear increase of H 2 O 2 production over this time period. Next, to elucidate whether H 2 O 2 production was dependent on PKC activity, cells were treated with GF109203X or Gö 6976, a specific inhibitor of PKC␣, prior to challenge and determination of H 2 O 2 output. The PKC inhibitor GF109203X (0.01-10·mol·l -1 ) significantly (Pр0.001) reduced the levels of fluorescence compared that seen in laminarin-stimulated haemocytes, with a maximum inhibition of 65% when used at a final concentration of 10·mol·l -1 (Pр0.001) (Fig.·7A) ; inhibition was also significant when lower doses of inhibitor were employed (Pр0.001). In contrast to the effects of GF109203X, Gö 6976 was only effective at the highest concentration tested (10·mol·l -1 ) reducing H 2 O 2 output by 40% (Fig.·7B) . Finally, the NADPH oxidase inhibitor, apocynin, dose-dependently decreased H 2 O 2 production by haemocytes relative to A. H. Lacchini and others ·3 . The PKC inhibitor, calphostin C reduces MEK and ERK 1/2 phosphorylation in laminarin-challenged haemocytes. Haemocyte monolayers were incubated with calphostin C (0.001-10·mol·l -1 ), a PKC inhibitor that interacts with the cysteine-rich zinc finger structure of the PKC regulatory domain, or vehicle (0.1% DMSO), prior challenge with laminarin (10·mg·ml -1 ) for 10·min. Protein extracts were subjected to SDS-PAGE followed by western blotting using polyclonal phospho-specific antibodies to (A) MEK and to (B) ERK. Anti-actin antibodies were used to confirm equal loading of proteins. Immunoblots are representative of two independent experiments. PKC signalling in snail defence cells stimulated cells not exposed to the inhibitor (Fig.·7C) . When used at 500·mol·l -1 , apocynin significantly inhibited H 2 O 2 production by laminarin-stimulated haemocytes by 57% (Pр0.001) whereas 43%, 36% and 13% inhibition were observed using 100·mol·l -1 , 50·mol·l
-1 and 10·mol·l -1 apocynin, respectively. Discussion Current knowledge of cell signalling in molluscs is poor, and much remains to be discovered concerning the specific signalling molecules that regulate defence reactions, triggered by infection, in this important group of organisms. Using the model snail L. stagnalis, we have recently shown that bacterial LPS modulates the phosphorylation (activation) of PKC (Walker and Plows, 2003) and ERK pathway members (Plows et al., 2004) in haemocytes, cells that play a crucial role in the molluscan defence response. The present research aimed to investigate the effects of laminarin on the activation of PKC like-proteins in L. stagnalis haemocytes and to identify some of the upstream regulators and downstream targets of PKC in these cells. Since PKCs help co-ordinate multiple innate immune responses in mammalian immune cells (Tan and Parker, 2003) , we also wished to gain further insights into PKC-dependent defence responses in haemocytes. In this context we report here, for the first time in molluscs, that haemocyte ERK is regulated by PKC in a MEK-dependent manner in the presence of laminarin and that PLC acts upstream of PKC in these cells. Importantly, we also demonstrate a role for PKC signalling in the generation of H 2 O 2 in haemocytes in response to challenge by laminarin.
␤-1, 3-glucans are cell wall constituents of fungi and bacteria that bind to pattern-recognition receptors (PRRs) and modulate innate immune responses in invertebrate haemocytes (Vetvicka and Sima, 2004; Vetvicka and Yvin, 2004) . Laminarin is an oligomeric ␤-1, 3-glucan that contains ␤-1, 6-interstrand linkages; occurring in brown algae, it is structurally analogous to an oligosaccharide involved in cell-cell recognition. Laminarin elicits various responses in a range of organisms; for example it activates cell signalling in plants (Klarzynski et al., 2000) and stimulates the production of NO and O 2 -by M. galloprovincialis haemocytes (Arumugam et al., 2000) and NO by L. stagnalis haemocytes (Wright et al., 2006) . It is considered that, in molluscs and insects, laminarin interacts with ␤-1, 3-glucan-binding proteins on haemocytes and stimulates the NADPH oxidase pathway, a component of the respiratory burst (Söderhäll and Cerenius, 1998; Arumugam et al., 2000) . PMA-based studies in Crassostrea gigas (Toreilles et al., 1996) and B. glabrata (Bender et al., 2005) haemocytes suggest that this respiratory burst might be linked to PKC.
Cellular innate immune functions in vertebrates and insects are mediated by various signalling enzymes including MAPKs and PKCs (Greenberg, 1995; Soldatos et al., 2003; Nappi et al., 2004) . In the present study, western blotting of L. stagnalis haemocyte extracts with phospho-specific anti-PKC antibodies revealed that laminarin induced a time-dependent phosphorylation (activation) of a PKC-like protein in haemocytes, with maximal phosphorylation occurring after 10·min. In contrast to the effects of PMA and zymosan, laminarin-dependent PKC phosphorylation was transient, with phosphorylation levels returning to near basal after 30·min challenge. The kinetics of PKC phosphorylation displayed following laminarin challenge were similar to those observed when haemocytes were exposed to bacterial LPS (Walker and Plows, 2003) . Anti-phospho PKC (Ser 660-PKC␤ II ), antiphospho PKC␣/␤ II (Thr 638/641) and anti-phospho PKC␣ (ser 657) antibodies all recognized the haemocyte PKC-like protein, indicating that the residues surrounding these key phosphorylation sites in the kinase domain share homology with human PKC␣/␤ II . Perhaps this is not surprising since PKC␣ and ␤ II are classical PKC isoforms, which represent the best conserved PKCs between species (Stabel and Parker, 1991; Mellor and Parker, 1998) .
Experiments described here utilized freshly collected haemocytes. After preparation and washing of haemocyte monolayers, cells were left to equilibrate (rest) for 60·min in an attempt to reduce the phosphorylation of PKC prior to challenge; kinases in primary haemocytes are often found to be phosphorylated under basal (time=0) Nevertheless, in haemocytes unexposed to laminarin (or PMA and zymosan), PKC had variable and often high levels of phosphorylation and longer periods (up to 3·h) of equilibration did little to reduce its basal phosphorylation state (unpublished data). A remaining pool of constitutively phosphorylated PKC that is 'ready to respond to activators' often exists in mammalian cells (Newton, 2003) and our findings suggest that such a phenomenon might apply to molluscan haemocytes.
Lynmaea stagnalis haemocytes respond to laminarin and although a ␤-1, 3-glucan binding receptor has yet to be characterized in snails, the presence of carbohydrate receptors has been suggested (Horak and Deme, 1998) . Identification of ␤-1, 3-glucan receptors such as complement receptor 3 (CR3) in a human monocyte-like cell line (Mueller et al., 2000) , or Dectin-1 in bone-marrow macrophages (Brown et al., 2002) , has been facilitated through binding studies. Several ␤-1, 3-glucan binding proteins have been purified from insects such as the tobacco hornworm Manduca sexta (Jiang et al., 2004) and crustaceans such as Penaeus monodon (Sritunyalucksana et al., 2002) or Pacifastacus leniusculus (Lee et al., 2000) ; future work will thus likely lead to the identification of a ␤-1, 3-glucan receptor in L. stagnalis.
The use of potent PKC inhibitors is crucial to help elucidate signalling events downstream of PKC and define functional roles of this enzyme. Inhibition assays using the highly selective PKC inhibitor, GF109203X, not only revealed that this inhibitor significantly attenuated PKC phosphorylation (activation) in a dose-dependent manner in laminarin-exposed cells, but also showed that phosphorylation (activation) of haemocyte MEK and ERK signalling components is at least in A. H. Lacchini and others part PKC-dependent. Experiments with calphostin C also revealed that MEK and ERK lie downstream of PKC. Results from a study employing a haemocyte-like embryonic cell line (Bge) derived from the gastropod snail B. glabrata, suggest that ERK activity might also be under the control of PKC in B. glabrata defence cells (Humphries et al., 2001) . Although the study by Humphries and co-workers employed PMA as a stimulant, the present work opens the possibility that PKCdependent modulation of haemocyte ERK activity following immune challenge might be a feature conserved between mollusc species. PKC-dependent activation of MEK and ERK also occurs in a range of mammalian cell types (Schönwasser et al., 1998; Weinstein-Oppenheimer et al., 2000) , although different cells and tissues display differences in PKC specificity and targeting.
In order to elucidate possible upstream regulators of PKC, inhibition assays were carried out using the PLC inhibitors, U-73122 and ET-18-OCH 3 , and the PI-3-K inhibitor, LY294002, in laminarin-challenged haemocytes. In macrophage-like U937 cells, U-73122 effectively blocks PLC activity (Matsui et al., 2001) . Although previously used in Drosophila (Estacion et al., 2001) and in the fleshfly Boettcherisca peregrina (Koganezawa and Shimada, 2002) , U-73122 was used for the first time in molluscan haemocytes in the present study. Pre-treatment of L. stagnalis haemocytes with either U-73122 or ET-18-OCH 3 resulted in a significant reduction in PKC phosphorylation, identifying PLC as an upstream regulator of PKC activity. In LPS-treated macrophages, 3-phosphoinositide-dependent kinase 1 (PDK1) is a downstream target of phosphorylated inositides produced in response to PI-3-K activation (Monick et al., 2000) . PDK1 can activate classical PKCs since it is responsible for the phosphorylation of the activation loop, a key site belonging to the catalytic domain of this group of PKCs (Dutil et al., 1998) ; such phosphorylation initiates the complete process of PKC activation (Balendran et al., 2000) . In laminarin-challenged L. stagnalis haemocytes, LY294002 did not affect PKC phosphorylation (activation) at any dose studied, implying that PI-3-K is not an upstream regulator of the haemocyte PKC. This agrees with the general mechanism of PKC phosphorylation by PDK1, described elsewhere (Sonnenburg et al., 2001) , in which PI-3-K does not play a role. Our present findings also corroborate previous work in which we showed that ERK activation in L. stagnalis haemocytes was unaffected by LY294002 (Plows et al., 2004) , implying that the regulation of PKC/MEK/ERK phosphorylation in these cells is PI-3-K independent. It can therefore also be concluded that the recently reported inhibitory effect of LY294002 on phagocytosis by L. stagnalis haemocytes (Plows et al., 2006) , is likely mediated by PKC-and ERK-independent mechanisms.
Immunocytochemistry enabled visualization of the intracellular distribution of phosphorylated (activated) PKC in haemocytes. In unchallenged cells, the fluorescence of phosphorylated PKC was low and appeared dispersed in the centre of the cell. Challenge with laminarin resulted in a large increase in the phosphorylation of PKC within the cytoplasm where it appeared to cluster. These clusters might result from the association of phosphorylated PKC with cytoskeletal components or receptors for activated C kinase (RACK). Mammalian PKCs can associate with various cytoskeletal -1 ) and (B) Gö 6976 (0.01-10·mol·l -1 ), or (C) the NADPH oxidase inhibitor apocynin (10-500·mol·l -1 ), for 30·min prior to stimulation with laminarin (10·mg·ml -1 ). Values are means ± s.d. of two independent experiments each performed in triplicate. *Pр0.05, **Pр0.01 and ***Pр0.001 when compared to H 2 O 2 production in stimulated haemocytes not exposed to either inhibitor (shown as 100%, broken line).
proteins such as actin, vinculin and talin, which anchor contractile filaments to integrins within the plasma membrane (Liu, 1996) . In the marine mollusc Aplysia, binding of PKC isoform Apl II to actin is favoured when PKC is dephosphorylated, whereas for Apl I binding is enhanced when phosphorylated (Nakhost et al., 1998) . That L. stagnalis haemocyte PKC might interact with RACK remains a possibility since RACK has been identified in the snail B. glabrata (Lardans et al., 1998) . Stimulation of cells often leads to phosphorylation of classical PKCs, accompanied by their translocation to cellular membranes, a sequence triggered by the presence of cofactors such calcium (Ca 2+ ) and diacylglycerol (DAG). Further experimental investigation is needed to help define whether stimulation of haemocytes with laminarin leads to the physical translocation of PKC to the plasma membrane.
In the quest to understand further the molecular control of haemocyte defence, the role of PKC-like proteins in the generation of extracellular H 2 O 2 by haemocytes was explored. This work was prompted because H 2 O 2 is a highly cytotoxic molecule that participates in the elimination of pathogens. Lymnaea stagnalis is intermediate host to schistosomes of the genus Trichobillharzia and H 2 O 2 might possess schistosomicidal activity (Dikkeboom et al., 1987; Adema et al., 1994) ; thus knowledge of the molecular control of H 2 O 2 production by molluscan haemocytes is crucial to our understanding of snail-schistosome host-parasite interactions. Laminarin stimulated H 2 O 2 production by L. stagnalis haemocytes, effects were dose-dependent and, when used at 10·mg·ml -1 , a tenfold increase in H 2 O 2 output occurred after 30·min challenge. In M. galloprovinciallis, a similar concentration of laminarin triggered maximal O 2 -generation (Arumugam et al., 2000) . Additionally, phagocytosis of zymosan by L. stagnalis haemocytes was associated with an increase of H 2 O 2 produced over 45·min (Zelck et al., 2005) . Importantly, PKC appears to regulate laminarin-induced H 2 O 2 generation by L. stagnalis haemocytes because the PKC inhibitor, GF109203X, significantly attenuated H 2 O 2 generation in a dose-responsive manner. Whereas GF109203X (10·mol·l -1 ) reduced H 2 O 2 generation by 65%, the PKC␣ inhibitor Gö 6976 was less effective, reducing H 2 O 2 production by only 40% at the highest dose tested (10·mol·l -1 ). This differential effect is likely a consequence of the sensitivity of haemocyte PKC to the different inhibitors and/or the existence of multiple PKClike proteins in haemocytes that are sensitive to GF109203X, an inhibitor that targets more PKC isoforms. In haemocytes, increased extracellular H 2 O 2 production was evident before PKC was maximally phosphorylated (activated) (10·min). This could be explained in two ways: H 2 O 2 generation might be supplemented via xanthine oxidase (XO) as in mammalian phagocytes (Segal et al., 1999) ; alternatively, early production of H 2 O 2 could be a consequence of basal cellular activity due to other unidentified signalling events. In human neutrophils, activation of PKC␣ and PKC␤ correlates with the assembly of the NADPH oxidase complex (Sergeant and McPhail, 1997) . Moreover, in mammalian leucocytes, PKC can phosphorylate p47-phox, a cytosolic component of NADPH oxidase, and promote its translocation, enabling it to assemble with other membrane-associated subunits, ultimately making p47-phox functionally active (El-Benna et al., 2005) . Interestingly, in RAW 264.7 mouse macrophages, part of the respiratory burst has been shown to be mediated by classical PKCs, since Gö 6976 reduced the production of H 2 O 2 by a similar amount (50%) (Larsen et al., 2000) to that observed in L. stagnalis haemocytes.
Taken together, the results of this study show for the first time that laminarin is able to modulate PKC phosphorylation (activation) in L. stagnalis haemocytes and that signalling in response to this ␤-1, 3-glucan can occur via the PLC-PKC-MEK-ERK 1/2 pathway. In addition, the increased production of H 2 O 2 observed following laminarin challenge seems to be, at least in part, intimately linked to PKC signalling. PKC also regulates NO output in L. stagnalis haemocytes (Wright et al., 2006) . Given that H 2 O 2 and NO are key anti-pathogen defence molecules, and that haemocytes are considered the sentinels of molluscan defence, haemocyte PKC is likely to play a critical role in limiting infection in L. stagnalis in vivo. Although we have characterized distinct elements of PKC signalling in haemocytes following challenge, it must be emphasised that cells respond to immunomodulatory compounds via a network of signalling proteins, integrated in a cooperative manner to confer an adapted response. Therefore, responses of haemocytes to laminarin are likely to be complex and pathways other than PKC might be crucial to H 2 O 2 production. Nevertheless, by taking an integrative approach to the study of molluscan defence (Walker, 2006) , this research has furthered our understanding of cell signalling in molluscs and has helped elucidate the functional relevance of PKC to innate defence reactions in this important group of organisms. 
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